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ABSTRACT

Field Capacity (FC) is a key parameter to quantify in agricultural engineering, irrigation
controlling, and soil physics studies. For instance, irrigation studies focuses on determining the
optimal amount of water needed by plants to grow following an irrigation system and therefore
relies on determining FC. Likewise, the value of FC is a good indicator of soil textures, structures
and pore size distributions. For example, loamy soils have a wider distribution of pores leading to
high FC values. FC depends on multiple physically-grounded variables which include matric
potential value (𝜓𝐹𝐶 ), water content at FC (𝜃𝐹𝐶 ), specific drainage time to reach FC (𝑡𝐹𝐶 )and
drainage flux (𝑞𝐹𝐶 ).
Previous definitions of FC have many limitations. Among these limitations, FC was rarely
defined in the context of its soil properties as prior studies failed to include all soil parameters
when quantifying FC, hence, to this day, the use of models is the sole way to normalize water
content at FC (e.g., using Van genuchen and Brooks and Corey models). This study fills in these
gaps by setting up a practical approach to determining FC via soil properties and developing a
generalized FC solution to the case of drainage from a deeply wetted profile and a non-zero flux
flow at the surface (upward flux when Evaporation (EV) is taken into account) or a zero flux at
the surface (when EV is considered negligible), hence, an analytical solution to the attainment of
field capacity in space and time and universal FC curves are presented.

vii

CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1. Introduction
The concept of moisture equivalent introduced by Briggs and McLane (1910) is one of the
earliest measures of the amount of water a soil holds. However, because of the lack of applicability
of the moisture equivalent for a variety of field soils, Veihmeyer and Hendrickson (1931)
introduced the concept of field capacity (FC). FC is the quantitative measure of water in soil after
excess water has drained and its downward movement has decreased, typically taking place within
two to three days after an irrigation event or rain. FC is a vital parameter in the areas of agricultural
engineering, irrigation controlling, and soil physics studies. Irrigation studies focuses on
determining the optimal amounts of water needed for crops growth through an irrigation system,
and therefore rely on FC measures in determining the amount of water available for crops uptake.
Soil physics studies the effects of soils texture and structure and pore size distribution on FC. For
example, fine textured soils such as clay have small pores thereby leading to high FC
measurements.
It is indispensable to define agreed upon quantitative measurements of FC in soil physics
studies, agricultural engineering, and irrigation management. Several criteria for FC measurements exist, ranging from attaining a matric potential value, or water content, to elapsed time since
irrigation or rainfall. Richards and Weaver (1944) introduced a pressure-based method that
estimates FC with the soil water content at a matric potential of 33kPa, and their method was
widely used in modern hydrology. However, different soil textures drove Romano and Santini
1

(2002) to use differing matric potentials for sandy soils, medium textured soils, and clayey soils to
reflect each soils water retention characteristics.
Other FC measurements focused on the water drainage fluxes that also differ with soil
textures. Nachabe (1998) and Meyer and Gee (1999) proposed estimating FC with soil water
content at specific drainage fluxes regardless of soil textures. FC definition differ based on which
combination of constant matric potentials, drainage times, redistribution fluxes, and soil textures
are used for evaluations standards. Consequently, differing FC measurement metrics makes it
difficult to obtain a global FC approach that can be widely used in evaluations of the magnitude
and consequences of climate change.
In the global hydrologic cycle, most of the earth’s water is in bodies of saltwater, and less
water is stored in soils, groundwater, freshwater lakes, and glaciers. Water is continuously cycled
through these water reservoirs. The agricultural sector accounts for 70% global consumption and
irrigation consumes most of the water in the agricultural sector. Population growth also puts added
stains on the agricultural sector. Unfortunately, water is being drawn from many of these
reservoirs faster than it is being replenished. These reserves, an absolutely essential aspect of the
modern world, are being consumed at an unsustainable rate. Because of the decrease of fresh
water reservoirs, more effective and efficient farming is needed, and soil storage becomes an
important attribute in agriculture. The amount of water that a soil retains against gravity, soil
moisture storage, and threshold of water stored for plant nourishment need to be accurately
quantified and analysed across various cycles on a global scale. Global water monitoring and
management for agriculture requires a more standardized and agreed upon FC quantitative
measurement definition that accounts for various precipitations, water reservoirs, and soil textures.

2

1.2. Background
It is important to standardize the definition of quantitative measurements of field capacity
(FC) in soil physics studies, agricultural engineering, and irrigation controlling. There are several
criteria for FC measurements, which range from attaining a constant matric potential value(𝜓𝐹𝐶 ),
or water content(𝜃𝐹𝐶 ), to passage of a specific drainage time to reach FC. Veihmeyer and
Hendrickson (1931) defined FC as “the amount of water held in the soil after the excess
gravitational water has drained away and after the rate of downward movement of water has
materially decreased”. They also conducted several studies to approximate FC by allowing soil
moisture to drain from a completely saturated profile while inhibiting evaporation.

Their

definition was an attempt to gather observations for the development of physical criteria.
This initial description of FC has considerable importance for defining the conditions for
hydrological and agronomic applications.

However, researchers today are critical of FC’s

description and claim that a more well-defined and consistent soil state is needed. For example,
Miller and McMurdie (1953) claim that the hydraulics of water in soils at FC is not well
understood, and Nachabe (1998) added that the FC concept itself has not changed much since its
inception in 1931. A number of researchers, such as Cassel and Nielsen (1986), claim that FC is
not a water equilibrium content, but the point at which no significant change in soil water flux
content occurs with time. Hence, proposed definition criteria for FC of soil’s internal drainage
system range from static to dynamic. Static criteria observe the attainment of prescribed matric
potential value (𝜓𝐹𝐶 ) and water content(𝜃𝐹𝐶 ), whereas dynamic criteria consider the time since
irrigation and rainfall(𝑡𝐹𝐶 ), or the attainment of a small internal drainage flux (𝑞𝐹𝐶 ) (Kirkham,
2005).

3

1.2.1. Time to Reach Soil Water Content to FC
FC, as defined by Gardner (1960), considers the FC below which the hydraulic gradient is
small enough to be neglected over time, because the reduction in hydraulic conductivity over time
occurs more quickly. The reduction in hydraulic conductivity over time differs for different soils.
Cassel and Sweeney (1974) noted that FC in coarse-textured soils may occur within 6-24 hours,
while Davidson (1969) noted that drainage in fine-textured soils can take few weeks.
Consequently, different drainage times for various soil types demonstrate the variances between
elapsed time-based and flux-based definitions of FC (Assouline and Or 2014).
1.2.2. Matric Potential Value at FC
In an attempt to simplify the FC drainage times criteria, Lyon and Buckman (1943) noted
that the matric potential value (MPV) of -50kPa can be used to represent the soil hydration state.
However, using laboratory experiments, Salter and Williams (1965) were unable to define a
particular MPV that encompassed all soils due to variation in soil texture and structure.
Consequently, Colman proposed an arbitrary MPV of -33 KPA for all soils in order to estimate
FC and the corresponding ϴFC. Similarly, Nachabe (1998), suggested that the standard definition
of FC for the corresponding soils’ water content be set at -33 kpa. Variances of this static criterion
at -20, -10 and -5 KPA have also used (Romano and Santini 2002, Names et al. 2011).
1.2.3. Drainage Flux at FC
There is also a need for a reliable dynamic value as a criterion for FC. Thus, in their
definition of FC, Miller and Klute (1967) proposed a time-dependent criterion based on attaining
a slow drainage flux, qfc Nachabe (1998), used the flux-based method to defined FC in terms of
time dependency, while assuming that the water drainage was under the effect of gravity drainage
within homogeneous soil and uniform water content distribution. Based on this assumption, it is
4

easy to verify the definition of FC with the HYDRUS-1D model (Cong, Lu and Ni 2014). Hence,
Nachabe (1998) recommended that the soil’s water content would reach FC when the drainage
flux from the soil was equal to 0.05 mm/day. However, researchers agreed that there is no
established standard drainage rate that is considered negligible. Hence, arbitrary values of qfc were
proposed in which water flow occurred in response to the gravity and free qfc variations with the
soil textures. Meyer and Gee (1999) noted that a negligible flux varies between 0.01 mm/d and
1.0 mm/d reflective of the smallest measurable rainfall rate. These findings demonstrate that there
are many inconsistencies between times or flux-based dynamic and water content static criteria to
FC.
In soil water dynamics, there are many factors influencing FC. Soil scientists realize that
FC does not have a unique value because of the fact that a specific equilibrium point is never
reached. Soil water is dynamic, because water removal can occur from drainage, evaporation, and
transpiration; furthermore, the addition of water can occur with rainfall, irrigation, and even
dewdrops (Taylor and Ashcroft, 1972). Additionally, water continues to move downwards at a
reduced rate for a long time. For example, the amount of water retained at FC decreases as the
soil temperature increases, and previous soil water history affects FC, where soil that is saturated
and then dries has a higher FC than soil that is being wetted. Soil texture and structure also
influence FC: clay-like soils retain more water for a longer time than do sandy soils. The presence
of different soil layers, such as sand, gravel, and clay layers, inhibit water redistribution, thereby
increasing FC. Hillel (1971) also noted how evapotranspiration affects FC, where the rate of water
extraction from the soil by plant roots affects water flow directions and water redistribution.
Additionally, even the proximity of water table levels result in varying FC values. Thus, we can
conclude that there is no real value for FC.
5

1.3. FC Equations in the Literature
Soil water content at FC can be estimated either through static criteria or dynamic criteria
using a soil moisture retention curve (SMRC). SMRC is defined as the relationship between soil
moisture content (or volumetric water content) and moisture characteristics (or capillary head)
which can be easily measured in the laboratory via specific experiments. SMRC is disguised under
various names in the literature such as:


Soil-water characteristic curve (SWCC) (Bordoni et al. (2017))



Soil- water retention curve (SWRC) (Rajkai et al. 2004))



Soil moisture retention curve (SMRC) (Likos et al. (2014))



Water retention curve (WRC) (Assouline and Or (2014))
The most popular numerical models that describe soil hydraulic characteristics and often

used to define soil water content at FC are:


Brooks and Corey Model (1964)



Van Genuchten Model (1980)

1.3.1. Brooks and Corey Model (1964)
One of the most popular numerical models to describe soil characteristics is Brooks and
Corey’s Model (1964) which is a numerical methodology that can be easily implemented to
simulate the shape of SMRC for difference soil textures as follows:
𝜆
𝜓𝑏
⁄𝜓)

𝜃∗ = (

(1)

𝐾(𝜃) = 𝐾𝑠 𝜃∗ 𝑛

(2)

𝑛 = 3 + 2⁄𝜆

(3)

6

where


𝜃∗ = is the relative water content or the scaled water content



𝜃∗ = 𝜃 −𝜃𝑟



𝜃𝑠 is the saturated water content



𝜃𝑟 is the residual water content



Δ𝜃 = 𝜃𝑠 −𝜃𝑟



𝜓𝑏 is the air entry pressure or bubbling pressure



𝜓 is the suction pressure or capillary head



𝜆 is the pore- size index



𝐾𝑠 is the saturated soil hydraulic conductivity



𝑛 is the soil parameter related to pore-sized index

𝜃−𝜃
𝑠

𝑟

Several studies used Brooks and Corey’s numerical model to develop empirical equations
for soil water content at FC which include the work of Nachabe (1998), Cong et al. (2014) and
Reynolds (2018).
1.3.1.1. Nachabe (1998) Equation
Nachabe (1998) used Books and Corey’s model and developed a simple equation to
calculate the relative water content at FC while he assumed a negligible flux at FC as 𝑞𝐹𝐶 =
0.05

𝑚𝑚
𝑑𝑎𝑦

.
𝑛
𝑞𝐹𝐶
⁄𝐾 )
𝑠

𝜃∗ 𝐹𝐶 = (

where
7

(4)



Θ𝐹𝐶 Is the relative water content at FC,



𝑞𝐹𝐶 is the drainage flux at FC,

1.3.1.2. Cong et al. (2014) Equation_1
Cong et al. (2014) linked the change in storage of soil water column to Books and Corey’s
model to establish a simple methodology to compute volumetric water content at FC as illustrated
in Equations 5 and 6.
𝐾

𝜃𝐹𝐶 = ( 𝑠 ) 𝜃∗ 𝑛
𝐷𝛿

𝐾

𝛿 = 𝐷 𝜃𝐹𝐶

𝐹𝐶

(5)
(6)

𝐿3



𝜃𝐹𝐶 is the volumetric water content at FC (𝐿3 )



𝐷 is the thickness of soil column (𝐿)



𝛿 is the relative drainage rate (𝑇)



𝐾𝐹𝐶 is the hydraulic conductivity at FC ( )

1

𝐿

𝑇

1.3.1.3. Reynolds (2018) Equation
Reynold (2018) developed simple equations to define FC where he also used Books and
Corey’s model to derive those (Equations 7 & 8). Reynold’s proposed equations combine the most
important components related to FC (i.e., depth, time and drainage flux at FC) illustrated in these
equations:
𝜃𝑠 −𝜃𝑟

𝜃𝐹𝐶 = 𝜃𝑟 +
[1+(

1
(𝑛−1)𝑡𝐾𝑠 𝑛−1
)]
𝐷(𝜃𝑠 −𝜃𝑟 )

𝐾𝑠

𝑞𝐹𝐶 =
[1+(

𝑛
(𝑛−1)𝑡𝐾𝑠 𝑛−1
)]
𝐷(𝜃𝑠 −𝜃𝑟 )

8

(7)

(8)

1.3.2. Van Genuchten Model (1980)
The van Genuchten model is the most popular numerical model to describe soil hydraulic
characteristics which can be used to better estimate available water for plants uptake in any soil
texture as follows:
1

𝜃∗ = [1+(𝛼ℎ)𝑛 ]
𝐾(𝜃) = 𝐾𝑠 𝜃∗

0.5

𝑚

(9)
1
𝑚

𝑚 2

[1 − (1 − 𝜃∗ ) ]

(10)

where


𝛼 is the inverse of bubbling presser (1⁄𝐿)



𝑚 is the shape parameter



𝑚 = 1−𝑛



ℎ is the pressure head (𝐿)

1

Various studies used van Genuchten’s model to develop methodologies to define soil water
content at FC such as the work of Twarakavi et al. (2009), Assouline and Or (2014) and Cong et
al. (2014).
1.3.2.1. Twarakavi et al. (2009) Equation
Twarakavi et al. (2009) used van Genuchten’s model to develop empirical equations
(Equations 11 & 12) to estimate soil water content and drainage flux at FC as follows:
𝜃∗ 𝐹𝐶 = 𝑛

𝑞
0.6 𝑙𝑜𝑔10 ( 𝐹𝐶 )
𝐾𝑠

(11)
1

𝑚 2

𝑞𝐹𝐶 = 𝐾𝑠 𝜃∗ 𝐹𝐶 0.5 [1 − (1 − 𝜃∗ 𝐹𝐶 𝑚 ) ]

9

(12)

Twarakavi et al. (2009) came into the conclusion that the soil water content would reach
FC when the drainage flux from the soil is equal to 0.1 mm/day and rewrote equation (11) as
follow:
𝜃∗ 𝐹𝐶 = 𝑛−0.6 (2+𝑙𝑜𝑔10 (𝐾𝑠 ))

(13)

1.3.2.2. Assouline and Or (2014) Equation
Assouline and Or (2014) expressed the relationship between relative water content at FC
and the van Genuchten model parameters as follow:
1−𝑛

(
)
𝑛
𝑛−1 (1−2𝑛)

𝜃∗ 𝐹𝐶 = [1 + (

𝑛

)

1 𝑛−1

𝜓𝐹𝐶 = 𝛼 (

𝑛

]

1−2𝑛
𝑛

)

(14)

(15)

where 𝜓𝐹𝐶 is capillary pressure at FC.
1.3.2.3. Cong et al. (2014) Equation_2
Cong et al. (2014) also established a correlation between the change in storage within the
soil water column and van Genuchten model parameters to determine volumetric water content at
FC as follows:
1

𝐾

𝑚 2

𝜃𝐹𝐶 = (𝐷𝛿𝑠 ) Θ0.5 [1 − [1 − 𝜃∗ 𝐹𝐶 (𝑚) ] ]

(16)

1.4. Motivation and Objectives
Following the work of Veihmeyer and Hendrickson (1931), FC has been used as a
subjective value through the attainment of a constant matric potential, with its proposed values of
-1/2, -1/3, -1/5, -1/10 and -1/20. A specific timeframe of 1 to 2 days is suggested as drainage time
to reach FC while, a flux from a negligible redistribution is required for the determination of FC,
where typically a range from 0.01 to 1 mm/day is assumed.
10

Previous studies of FC seem to have many limitations. Among these limitations, it is clear
that FC was rarely defined in the context of its soil properties as prior studies failed to include all
soil parameters when quantifying FC (for example normalized water content at FC is defined using
van Genuchen model by Assouline and Or, (2014) or Brooks and Corey model by Nachabe
(1998)). For these reasons, the purpose of this research was to fill in these gaps by setting up a
practical approach to determining FC for the case of drainage with deeply wetted profile and
constant flux flow at soil surface via soil properties. This can be done by developing an analytical
or empirical methodology from solving Darcy’s Law (q). Indeed, when pressure gradient is set to
unity, per equation 17 drainage flux becomes zero and when drainage flux is negligible soil water
content generally reaches FC. Ultimately, by using a pressure gradient close to unity it is then
possible to link up FC with soil properties through solving analytically or empirically Darcy’s Law
and other associated equations that deal with soil water redistribution (e.g., Parkin, et al.(1995)).
According to Darcy, the water flow and redistribution in the saturated soil layer can be
expressed as follows:
𝑞(𝑡, 𝑧) = 𝐾 [1 −

𝜕𝜓
𝜕𝑧

where:


𝑞(𝑡, 𝑧) is the water flux density per unit time (L/t),



𝐾 is the unsaturated hydraulic conductivity (L/t),



𝜕𝜓



[ 𝜕𝑧 + 1] is the hydraulic gradient.

𝜕𝑧

is the pressure gradient (L/L).

𝜕𝜓
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]

(17)

The pressure gradient can be determined as a function of soil depth and time using Parkin
et al.(1995) as follows:
𝜕𝜓
𝜕𝑧

=

(𝐶−Θ)2
Θ2

𝜕𝑈 2

𝜕2 𝑈

𝑈 −1 [𝑈 −1 ( 𝜕𝜁 ) − 𝜕𝜁 2 ]

(18)

1.5. Organization of the Dissertation
This dissertation is organized as follows:


In Chapter 1 a detailed background about field capacity (FC) is given where the most
popular equations in the literature related to defining and quantifying FC are discussed.
This first step of this research allowed to narrow down the objectives of this dissertation
where it needed to be most effective at filling the gap left unresolved about how to estimate
FC in the context of soil properties which is to this day a subject not well understood.



Chapter 2 provides a description of the methodology followed and assumptions made to
develop physically-grounded analytical solutions to estimate soil water content at FC based
on Darcy’s law which hint at the strong dependency of FC on soil parameters.



Chapter 3 presents analytical solutions for the case of soil water redistribution of deeply
wetted profile and no flux at surface which were applied to an example case and results are
discussed.



In Chapter 4 universal curves were established that are easy to use to quantify depth to FC
and soil water content at FC for any soil texture along any redistribution duration while
evaporation is considered negligible.



And in Chapter 5, where evaporation is not neglected and was represented by an upward
fixed flux at surface, analytical solutions are presented and discussed through an example
problem to understand the effect of evaporation on FC when redistribution of deeply wetted
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soil water content occurs. Also, HYDRUS-1D was used to compute numerical solutions
for the earlier example problem solved analytically for comparison and validation purposes
of the analytical solutions derived in this dissertation.


And finally, Chapter 6 provides a summary of the main conclusions of this dissertation.
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CHAPTER 2: METHODOLOGY

This chapter will explain a physically-grounded novel methodology used to develop
analytical solutions to determine the soil water content at FC with respect of depth in the soil
column and time to reaching FC while taking into account most of the properties of the soil. In this
dissertation the analytical solution of soil water drainage previously developed by Warrick et al.
(1990) for the case with drainage with deeply wetted profile and constant flux flow at the surface
is used, which was an adaptation of Richard’s equation by Broadbridge and White (1988).
Recall Darcy’s law discussed in chapter 1; per equation 17, FC when drainage flux will be
negligible (almost zero) in two cases,
1. When the hydraulic conductivity reduces to a very small value.
2. When the pressure gradient approaches the value of approximately ≈ −1.
Nachabe (1998) studied the first case when hydraulic conductivity drops to a very small
value while pressure gradient was assumed to be also negligible.
In this study we explore the second case where hydraulic gradient quickly reaches a
negligible value (becomes almost zero) to ensure that water content is reaching its FC.
2.1. Soil Water Movement
Water movement through soil has been widely investigated by scientists for many
centuries. In 1856, Henry Darcy created the scientific basics for the design of drainage mechanism
where he experimentally established the law that governs fluid flow through porous materials
(Equation 17).
14

Soil water movement follows two physical mechanisms which are infiltration and drainage
that work in a similar fashion. Indeed, in the case of infiltration, pressure and gravitational
gradients act in the same directions since the wet soil occurs on the top of the surface of the profile
while a dry soil occurs underneath the wet soil; whereas, in the case of drainage, pressure and
gravitational gradients act in the opposite directions due to the fact that the wet column of the soil
will be bounded by dry soil from the top and the bottom.
The law of conservation of mass suggests that the change in soil water content with time
is equal to the negative change in flux with profile depth. As suggested by Nachabe (1995), this
relationship is as follows:
𝜕𝜃
𝜕𝑡

𝜕𝑞

= − 𝜕𝑧

(19)

where:
𝐿3



𝜃 is the volumetric water content (𝐿3 )



z is the depth(i.e. positive downwards) (L)



t is the time (t)



𝑞(𝑡, 𝑧) is the water flux density per unit time (L/t)
Lorenzo Richards (1931) has established a general equation that describes the flow in the

vadose zone (unsaturated flow in porous medium) by combining Darcy’s low (Equation 17) and
the law of conservation of mass (Equation 19).
Richards’ equation describes the one-dimensional flow as follows:
𝜕𝜃
𝜕𝑡

𝜕

𝜕𝜃

= 𝜕𝑧 [𝐷𝜃 𝜕𝑧 ] −
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𝜕𝐾𝜃
𝜕𝑧

(20)

Equation 20 can be rewritten in a dimensionless form as follows:
𝜕𝜃∗
𝜕𝑡∗

𝜕

𝜕𝜃

= 𝜕𝑧 [𝐷∗ (𝜃∗ ) 𝜕𝑧∗] −
∗

∗

𝜕𝐾∗ (𝜃∗ )
𝜕𝑧∗

(21)

where:


𝐷𝜃 is soil water diffusivity,



𝐾𝜃 is the hydraulic conductivity as function of volumetric water content ,



𝐾∗ (𝜃∗ ) = 𝐾 −𝐾𝑟 ,



𝐾𝑠 is saturated soil hydraulic conductivity,



𝐾𝑟 residual soil hydraulic conductivity,



∆𝐾 = 𝐾𝑠 −𝐾𝑟 ,



𝑡∗ = 𝑡 is the dimensionless time scaled with capillary time,



𝑧∗ = 𝜆 is the dimensionless depth scaled with macroscopic capillary length,



𝑡𝑠 =

𝐾−𝐾
𝑠

𝑟

𝑡

𝑠

𝑍

𝑠

Δ𝜃𝜆𝑠
Δ𝐾

is the capillary time,

λs is “the mean height of the capillary fringe above water table” disguised under various
names in the literature:


Sorptive length (Philip 1983),



Macroscopic capillary length scale (White and Sully 1987),



Average diffusivity (Warrick 1992)),



Effective capillary drive (Morel-Seytoux et al. 1996),
The expression for λs is written as (Morel-Seytoux et al. 1996):
∞

𝜆𝑠 = ∫0 𝐾𝑟𝑤 𝑑 ℎ𝑐
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(22)

where 𝐾𝑟𝑤 is the relative permeability or conductivity as a function of capillary pressure 𝜆𝑠 = |𝜓|.
Morel-Seytoux et al. (1996), among several others (e.g. Rucker et al. 2005) recommended
using 𝜆𝑠 as scaling parameters for establishing equivalence among various empirical models where
gravitational and capillary forces are involved. Philip (1969) suggested the sorptive length
represents the importance of capillary forces in comparison with gravitational forces. Large values
indicate capillarity dominates over gravity such as in fine textured soils. In his renowned solution
of infiltration, Philip (1969) used sorptive length to define a gravitational time, the order of
magnitude of time at which gravitational force balances capillarity.
From a practical consideration, 𝜆𝑠 can be easily measured in-situ from early infiltration
using sorptivity (S) and without detailed knowledge of a water retention curve.
The purpose of this research is to build a simple and a practical FC curve for a variety of
soil types using an analytical solution for the case with drainage from deeply wetted profile while
maintaining a constant flux flow at the surface. The FC curve will be a representation of the
analytical solution that will be derived from Richards’ equation that describes one-dimensional
flow, following the work of:


Broadbridge and White (1988) on soil water infiltration



Warrick et al. (1990) on soil drainage.

2.2. Broadbridge and White (1988)’s Analytical Solution
Broadbridge and White (1988)’s approach provides a concise analytical solution. This
approach is found to be highly practical and promising in realms for soil water infiltration.
Infiltration can be defined as “the process of water entry into a soil from rainfall, snowmelt or
irrigation” (Maidment, 1992). The model of Broadbridge and White took into consideration the
soil water hydraulic properties for different soil types. Broadbridge and White (1988)’s developed
17

their model by using a functional form of soil water diffusivity given by Philip and Knight (1947)
as follows:
𝐷𝜃 = 𝑎(𝑏 − 𝜃)−2

(23)

The expression of hydraulic conductivity developed by Broadbridge and White (1988)’s is given
as:
𝜆

𝐾 = 𝛽 + 𝛾(𝑏 − 𝜃) + [2(𝑏−𝜃)]

(24)

where 𝛽, 𝛾, 𝜆, 𝑏 and 𝑎 are constants that can be determined as follows:
𝑏 = 𝐶∆𝜃 + 𝜃𝑛

(25)

𝛽 = 𝐾𝑠 − Δ𝐾[1 + 2𝐶(𝐶 − 1)]
Δ𝐾

(26)

𝛾 = (𝐶 − 1) Δ𝜃

(27)

𝜆 = 2𝐶 2 (𝐶 − 1)ΔKΔθ

(28)

Broadbridge and White (1988)’s analytical equation expresses the moisture characteristic
(𝜓(𝜃)) (also known as matric potential or capillary pressure) as a function of soil water content
scaled with macroscopic capillary length. 𝜓∗ (𝜃∗ ) is given as follows:
𝜓

1−𝜃∗

𝜓∗ (𝜃∗ ) = 𝜆 = − (
𝑠

𝜃∗

1

𝐶−𝜃

∗
) − [𝐶 log 𝜃 (𝐶−1)
]
∗

(29)

The relative water content 𝜃∗ (𝑧∗ , 𝑡∗ ) is the solution to Richards’ equation (equation 20)
which is then determined by Broadbridge and White (1988), where the initial and boundary
conditions for constant rainfall were chosen respectively as follows:
𝜃∗ = 0

𝑡∗ = 0

𝑧∗ ≥ 0

(30)

𝜐∗ = 𝑅∗ 𝑡∗ > 0

𝑧∗ = 0

(31)
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where


𝜐∗ is the dimensionless soil water flux



𝑅∗ is the dimensionless rainfall rate
Finally, the analytical solution for infiltration of precipitation rate into a deep soil profile

was determined by Broadbridge and White (1988) as follows:
𝜃∗ = 𝐶[1 − (2𝜌 + 1 − 𝑢−1 𝜕𝑢/𝜕𝜁)−1 ]

(32)

z∗ = 𝐶 −1 [𝜌2 (1 + 𝜌−1 )𝜏 + 𝜌(2 + 𝜌−1 )𝜁 − 𝑙𝑛𝑢]

(33)

2

1

𝑢 = 2 𝑒𝑥𝑝[−𝜁 2 𝜏 −1 ] {2𝑒𝑥𝑝[(𝜁 + 𝜌𝜏)/𝜏 1/2 ] + 𝑓([𝜁 − 𝜌(1 + 𝜌−1 )1/2 𝜏]/𝜏 1/2 ) −
1

𝑓([𝜁 − 𝜌𝜏]/𝜏 1/2 ) + 𝑓 ([𝜁 + 𝜌(1 + 𝜌−1 )2 𝜏] /𝜏 1/2 ) − 𝑓([𝜁 + 𝜌𝜏]/𝜏 1/2 )}
𝜕𝑢
𝜕𝜁

(34)

2

= 𝜌 𝑒𝑥𝑝[−𝜁 2 𝜏 −1 ] [2𝑒𝑥𝑝[(𝜁 + 𝜌𝜏)/𝜏 1/2 ] − (1 + 𝜌−1 )1/2 {𝑓([𝜁 − 𝜌(1 + 𝜌−1 )1/2 𝜏]/

𝜏 1/2 ) − 𝑓([𝜁 + 𝜌(1 + 𝜌−1 )1/2 𝜏]/𝜏 1/2 )} + 𝑓([𝜁 − 𝜌𝜏]/𝜏 1/2 ) − 𝑓([𝜁 + 𝜌𝜏]/𝜏 1/2 )]
𝜏 = 4𝐶(𝐶 − 1)𝑡∗
𝑅

∗
𝜌 = 4𝐶(𝐶−1)

𝑓(𝑥) = 𝑒𝑥𝑝(𝑥 2 ) 𝑒𝑟𝑓𝑐(𝑥)
where


𝐶 is the dimensionless shape parameter



𝜁 is the dimensionless space parameter



𝜏 is the dimensionless time parameter



𝜌 is the dimensionless rainfall rate parameter



𝑢(𝜁, 𝜏) is the independent variable
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(35)
(36)
(37)
(38)

Particularly, equations (32) and (33) provide a distribution of soil water content as a
function of depth blow soil surface and time 𝜃∗ (z∗ , t ∗ ) at any rainfall rate.
2.2.1. Moisture Characteristic (𝝍(𝜽))
Using the relationship between capillary pressure and soil water content given by
Broadbridge and White (equation 29), the relation between capillary pressure and water content
was plotted for several values of C (i.e., C=1.001, C=1.01, C= 1.1 and C=100) illustrated in figure
2.1.

Figure 2.1: Dimensionless soil-water potential 𝜓∗ as a function of scaled water content 𝜃∗ .
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It has been observed that the capillary pressure vanishes when soil becomes fully saturated
(i.e., at 𝜃∗ = 1). Moreover, it has become clear, as Figure 2.1 shows, that when C approaches
infinity (in this case when C has values starting from 100 and higher), the “knee” of the normalized
soil-water potential curve is no longer apparent. Therefore, the values of C that will be considered
in this study will be in the range of the values suggested by Broadbridge and White (1988) (i.e.
1.02 and 2), which range was found to be in agreement with their prior experiments.
2.2.2. Soil Water Content Distribution
The analytical solution for the distribution of soil water content during infiltration
processing is applied to soil-physics properties of a site in Golden, Colorado used by Nachabe et
al. (1995. as 𝑘𝑠 = 4.5 𝑐𝑚/ℎ𝑟 , 𝜃𝑠 = 0.4 , 𝜃𝑟 = 0.08 and 𝜆𝑠 = 3.84 𝑐𝑚. The value of 𝑅∗ was
varied until the soil surface water content reached full saturation (i.e., 𝜃∗ = 1). Figure 2.2 exhibits
examples of soil-water content distributions for three different rainfall rates at the chosen time
𝑡∗ = 2 which include the distribution at the resulting optimum value of 𝑅∗ = 1.12 for which the
surface water content became 𝜃∗ = 1.
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Figure 2.2: Dimensionless of soil-water content profile during three constant rainfall rates
at 𝑡∗ = 2.
2.3. Warrick et al. (1990) Analytical Solution
Warrick et al. have adapted Broadbridge and White (1988)’s approach used for infiltration
to determine the analytical solution for drainage of water through homogeneous soil profile. The
drainage of soil water profiles is an important concept in the fields of hydrology and agricultural
engineering (i.e., in terms of groundwater recharge and optimization of plant growth (Cook and
Knight 2003)).
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Warrick et al.’s analytical solution for drainage in deep wet soil profile used initial and
boundary conditions are slightly different than Broadbridge and White (1988)’s approach for
infiltration. Initial and boundary conditions for drainage were used as follows:
𝜁

𝑢 = 𝑒𝑥𝑝 [∫0 𝐺(𝜁 ′ ) 𝑑𝜁 ′ ]
𝑢 = 𝑒𝑥𝑝[𝜌(𝜌 + 1)𝜏]

𝜏=0
𝜏>0

𝜁>0
𝜁=0

(39)
(40)

The analytical solution of 𝑢(𝜁, 𝜏) for the case of drainage with deeply wetted profile and
constant flux flow at the surface given by Warrick et al. (1990) is as follows:
𝑢 = 𝑢1 + 𝑢2

(41)

𝑢1 = 𝑒𝑟𝑓𝑐(𝜁𝜏 −0.5 )

(42)

𝑢2 = 0.5𝑒𝑥𝑝(−𝜁 2 /𝜏){𝑓(−0.5𝐴𝜊 𝜏 0.5 − 𝜁𝜏 −0.5 ) − 𝑓(−0.5𝐴𝜊 𝜏 0.5 + 𝜁𝜏 −0.5 )}

(43)

𝐴𝜊 = 1 − 𝐶Δ𝜃[𝐶Δ𝜃 − 𝜃𝜊 + 𝜃𝑛 ]−1

(44)

By substituting equation (41) into equations (32) and (33) a unified solution for drainage
from deeply wetted profile can be determined.
2.4. Validation Tool
HYDRUS-1D (Simunek et al. 1998) is a computer modelling tool used to model and
analyse soil water content distributions which solves the one dimensional flow equation through
saturated or unsaturated soil columns (Richard’s equation, equation 4). HYDRUS-1D will be used
in this study for validation purposes.
2.5. Chapter Summary
The methodology used to achieve the goals of this dissertation are summarized as follows:
1. Derive the first and second derivative of u with respect to ζ to be able to analytical compute
pressure gradient following Parkin et al. (1995)’s equation (equation 2), which expression
depends on the first derivative as well as the second derivative.
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2. Choose a wide range of soil types and collect their properties for analysis which will be the
database used in this research.
3. Link up field capacity with the macroscopic capillary length and time scales using Darcy’s
law.
4. Assemble FC curves (FCC) using the database of this study.
5. Validate the analytical solution of

𝜕𝜓
𝜕𝑧

using different cases via HYDRUS-1D modelling

(see chapter 5, section 3).
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CHAPTER 3: ANALYTICAL SOLUTION OF FC FOR THE CASE OF
DEEPLY WETTED PROFILE AND NO FLUX AT SURFACE

3.1. Developed Analytical Solution of Soil Water Content at FC
Recall that one of the fundamental definitions agreed upon by many scientists about FC is
the one based on drainage flux with negligible values (Nachabe (1998), Meyer and Gee (1999),
Twarakavi et al. (2009) and Sun and Yang (2013)). In this paper we explored the assumption that
the pressure gradient is set to unity (i.e., Equation (46)), which allowed us to develop analytical
temporal evolution curves for water content and depth at FC as well as water retention curve at
FC.
The pressure gradient can be determined as a function of soil depth and time which was
analytically developed by Parkin et al. (1995) as follows:
𝜕𝜓

(𝑧, 𝑡) =
𝜕𝑧

(𝐶−𝜃∗ )2
𝜃∗
𝜕𝜓
𝜕𝑧

2

𝜕𝑢 2

𝜕2 𝑢

𝑢−1 [𝑢−1 ( 𝜕𝜉 ) − 𝜕𝜉2 ]

(𝑧𝐹𝐶 , 𝑡𝐹𝐶 ) ≈ 1

(45)
(46)

where 𝑡𝐹𝐶 and 𝑧𝐹𝐶 are time and depth at FC, respectively.
As a consequence to Equation (46) soil water content at FC is given as follows:
CΔ𝜃

𝜃𝐹𝐶 (𝑧, 𝑡) =
1+

𝑈2
2
√ 𝜕𝑢
𝜕2 𝑢
[( ) −𝑈 2 ]
𝜕𝜉
𝜕𝜉
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+ 𝜃𝑟

(47)

Equation (47) depends on the first and second derivative of 𝑢 expressed in Equation (41).
These derivatives were obtained analytically as follows:
𝜕𝑢
𝜕𝜉
𝜕2 𝑢
𝜕𝜉 2

=
=

𝐴Ο
2

∗𝑒

𝐴Ο 2
2

𝑒

−𝜉2
𝜏

−𝜉2
𝜏

(𝑓(𝜉1 ) + 𝑓(𝜉2 ))

(48)

(𝑓(𝜉1 ) − 𝑓(𝜉2 ))

(49)

where,
𝜉

𝜉1 = −0.5𝐴Ο √𝜏 −

√𝜏

𝜉2 = −0.5𝐴Ο √𝜏 +

√𝜏

𝜉

(50)
(51)

After solving Equations (32), (33) and (46) temporal evolution curves for water content
and depth at FC as well as water retention curves were plotted using the data from the soil database
of this study.
Note that, for values of x larger than 3.5, 𝑓(𝑥) in equation (38) was computed using
Abramowitz and Stegun (1964) asymptotic function fit of 𝑓(𝑥) (Equation (52)), an assumption
also used by Warrick et al. (1990) due to its great fit to the function𝑓(𝑥).
2

𝑚
𝑒 𝑥 ∗ 𝑒𝑟𝑓𝑐(𝑥) ≈ (1 + ∑∞
𝑚=1(−1)

1.3…(2𝑚−1)
)/(√𝜋𝑥)
(2𝑥 2 )𝑚

(52)

Indeed, as it is illustrated in figure 3.1 equation (23) and its estimate (i.e., equation 52), for
values of x larger than 3.5, both functions give very close output.
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Figure 3.1: Comparison between f(x) (in Equation 38) and its fit function f(x) (in Equation 52).
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3.2. Application of Analytical Solution for the First Derivative of U
3.2.1. Drainage from Deeply Wetted Profile
The first derivative

𝜕𝑢
𝜕𝜉

, as shown in Equation (48), was used to plot drainage from deeply

wetted profile for the soil-physics properties of Brindabella silty clay loam in Table 3.1, which
was taken from Warrick et al. (1990). The computed results using the first derivative, expressed
𝜕𝑢

analytically, show a good agreement with the solution provided by Warrick et al. (1990) where 𝜕𝜉

in their study was computed numerically since the distribution of soil depth with respect to water
content in figure 3.2 obtained using the analytical solution is identical to its corresponding figure
seen in Warrick et al. (1990).
Table 3.1: Hydraulic data (Warrick et al.1990).
Property

Brindabella Silty Clay Loam

Δk (m/s)

0.0000327

Kn (m/s)

0.0000000

S (m/s0.5)

0.0013350

Δθ

0.3750000

θn

0.1100000

C

1.0200000

h(C)/(C-1)

0.5076000

λs (m)

0.0738000
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Figure 3.2: Volumetric water content per depth using the analytical solution.
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3.2.2. Storage of Soil Water (W) Above a Depth of z = 0.2 m
The analytical solution of

𝜕𝑢
𝜕𝜉

also compares well with the numerically computed solution

of Parkin et al. (1995) for the case of deeply wetted profile and no flux at surface, where W was
computed for the soil column above a depth of z = 0.2 m. Figure 3.3 illustrates the results from
using the analytical solution of

𝜕𝑢
𝜕𝜉

, which gave identical results to that of Parkin et al. (1995)

where soil properties were set to 𝑘𝑠 = 10−6 𝑚𝑠 −1 , 𝜃𝑠 = 0.4 , 𝜃𝑟 = 0.1 while , 𝐶 = 1.5 using
different value of 𝜆𝑠 (1, 0.25, 0.083, and 0.028 meter).

Figure 3.3: Impact of 𝜆𝑠 on soil water storage for the soil column above a depth of z = 0.2 m
computed analytically.
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3.3. Application of Analytical Solution for the Second Derivative of U
3.3.1. Decreasing of Hydraulic Gradient with Time
Parkin et al. (1995) derived an analytical solution for the pressure gradient as a function of
space and time. Due to the difficulty to compute the derivatives of u seen in this latter analytical
solution, Parkin et al. (1995) computed them numerically. The pressure gradient was set to 0.05 to
plot the relationship between time and depth for three different types of soil as follow in Table 3.2.
Table 3.2: Three different soil parameters (Parkin et al. (1995))
Soil_a
Ks (m/s)

θs

θs

λs (m)

C

10-8

0.4

0.1

0.25

1.5

Soil_b
Ks (m/s)

θs

θs

λs (m)

C

10-6

0.4

0.1

0.083

1.5

Soil_c
Ks (m/s)

θs

θs

λs (m)

C

10-4

0.4

0.1

0.028

1.5

Figure 3.4 illustrates the results while the second derivatives of u were computed using the
analytical solutions presented in this study and the results obtained were found to be similar to that
of Parkin et al. (1995) for the same soil scenarios.

31

Figure 3.4: Temporal depth evolution while pressure gradient is set at 0.05 for different types of
soil.
3.3.2. Time to Reach FC When θFC = θ 1/3
There are many definitions of FC and the most commonly used definition in the literature
is where FC is defined with respect to soil capillary pressure. The most popular suggestion is that
soil water content reaches FC when capillary pressure equals 1/3 bar (θFC = θ 1/3). Table 3.3 shows
the θ 1/3 computed for the Soil Texture Classification used by Nachabe (1998) in the second column
while the third column provides the results from the analytical equation of 𝜃𝐹𝐶 (𝑧, 𝑡) of this study.
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Table 3.3: 𝜃1/3 for soil texture classification (Nachabe 1998).
Property

Range of 𝜃1/3

𝜃𝐹𝐶

Sand

0.018-0.164

0.107

Loamy Sand

0.06 - 0.19

0.155

Sandy Loam

0.126-0.288

0.216

Loam

0.195-0.345

0.285

Silt Loam

0.258-0.402

0.295

Sandy Clay Loam

0.186-0.324

0.271

Sandy clay

0.245-0.433

0.358

Clay Loam

0.25-0.386

0.349

Silty Clay Loam

0.304-0.428

0.372

Silty Clay

0.332-0.442

0.399

Clay

0.326-0.466

0.404

Figure 3.5 illustrates the results of time needed to reach FC (tFC) which goes in line with
the fact that course texture soil (e.g Sand) needs 6-24 hours for the soil water content to reach FC ,
whereas soil water drainage in fine-textured soils such as Clay could take several weeks.
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Figure 3.5: The comparison of time to reach field capacity for different types of soils.
3.4. Chapter Summary
In this chapter first and second derivatives of u were established analytically. These
solutions have shown that it is easier to use analytically than numerically to compute pressure
gradient for the case of water redistribution of deeply wetted profile and no flux at surface. In the
next chapters all computations will be done analytically. Furthermore, soil water content at FC can
be solved analytical using Equation (46) with the assumption that hydraulic gradient can reach a
negligible value (almost zero).
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CHAPTER 4: A UNIVERSAL SOLUTION FOR
ATTAINMENT OF FIELD CAPACITY

4.1. Soil Drainage Flux at FC
The negligible soil drainage flux values at FC vary per soil texture within a margin that
comprises values as low as 0.01 mm/day to values up to 1 mm/day, a margin agreed upon by many
scientists per the literature (e.g.,Nachabe(1998), Meyer and Gee (1999)). In this chapter, the
pressure gradient is set to 0.95 (close to the value of 1), as a consequence to Equation (1) soil
drainage flux 𝑞𝐹𝐶 is given as follows:
𝑞𝐹𝐶 = 0.05𝐾

(53)

𝐾 = 𝐾 ∗ ∗ 𝐾𝑠

(54)

𝐾∗ =

(𝐶−1)𝜃∗ 2𝐹𝐶

(55)

(𝐶−𝜃∗ 𝐹𝐶 )

therefore, equation (53) can be rewritten as follow
(𝐶−1)𝜃∗ 2𝐹𝐶

𝑞𝐹𝐶 = 0.05𝐾𝑠 ( (𝐶−𝜃

∗ 𝐹𝐶 )

)

note that equation (55) is from the work of Broadbridge & White (1988).
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(55)

Figure 4.1: Soil drainage flux evolution to FC for different soil types.
Figure 4.1, illustrates temporal soil drainage flux evolution to FC computed analytically
for different soil types using Rawis and Brakensier (1988)’s soil texture classification. These
results were predictable due to the fact that, when hydraulic conductivity is high (e.g Sand), more
flow deeper into the soil column will occur and vice versa in the case when hydraulic conductivity
is low (e.g Clay).
4.2. Redistribution Example Using Analytical Solution for FC
The analytical solution for drainage with deeply wetted homogeneous soil profile and
constant flux flow at the surface developed in the previous chapter is applied to a soil with example
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parameters as 𝑘𝑠 = 10−6 𝑚𝑠 −1 , 𝜃𝑠 = 0.4 , 𝜃𝑟 = 0.1 and 𝜆𝑠 = 1𝑚 similar to the example used by
Parkin et al.(1995). Figure 4.2 illustrates the redistribution curves at different times (solid lines
for times 0, 1-hour, 6-hour, 12-hour, 1 day, 3 days, 7 days and 14 days) while the dashed line
corresponds to the curve joining all analytically computed 𝜃𝐹𝐶 at their corresponding 𝑧𝐹𝐶 .

Figure 4.2: Example of drainage with deeply wetted homogeneous profile and constant flux
flow at the surface solved analytically. The dashed line corresponds to depths to FC in the soil
profile where the pressure gradient is set to 0.95 (close to the value of 1).
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As shown in Figure 4.2, 𝜃 decreases with time (also illustrated by a propagation of drying
front from right to left), which will eventually reach the minimum value of 𝜃𝑟 after a very long
time. Additionally, as exhibited in Figure 4.2, 𝜃𝐹𝐶 shows a fast decrease within the top layer of 10
to 20 centimeters (Horizon A), while deeper into the soil profile this decrease becomes
insignificant.
It is a common practice to present results of soil water infiltration and redistribution curves
using a shape factor of C=1.5 (e.g. Broadbridge & White (1988), Parkin et al. (1995)). In this
chapter we fixed C at the value of 1.5 to plot the aforementioned curves.
The storage of water above the depth to FC in the soil profile (dashed line on Figure 4.2)
was computed using Parkin et al.(1995)’s equation as follows:
𝑊(𝑧𝐹𝐶 , 𝑡) = −Δ𝜃𝜆𝑠 ln(𝑢(𝜉(𝑧𝐹𝐶 , 𝑡), 𝑡) + 𝜃𝑟 𝑧𝐹𝐶

(56)

̅ can be calculated as follows:
The average soil water content at FC 𝜃𝐹𝐶
̅ 𝑊𝐹𝐶 /𝑧𝐹𝐶
𝜃𝐹𝐶=

(57)

Figure 4.3 exhibits the evolution of FC water storage in time computed for different values
of 𝜆𝑠 for a soil with the same parameters as the example used earlier. It is observed that the higher
the 𝜆𝑠 , the larger of water storage at depth of FC is retained. Higher 𝜆𝑠 correspond to fine textured
soils (also small 𝜆𝑠 correspond to coarse textured soils). This observation is due to the fact that
coarse textured soils have generally wide pore size distributions not allowing to hold large amounts
of water whereas fine textured soils are capable of retaining larger amounts of water due to their
small pore size distributions.
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Figure 4.3: Evolution of water storage at FC for different value of 𝜆𝑠 .
Figure 4.4 illustrate the average of soil water content at FC as a function of 𝜆𝑠 computed at
different FC depths values (𝑧𝐹𝐶 = 20, 40, 60, 100 and 200 cm) with the same parameters as in the
example Figure 4.3. As observed in Figure 4.4, when the depth of FC is closer to the surface,
higher 𝜆𝑠 values lead the soil to retain higher averaged water content. This observation is due to
the fact that coarse textured soils have generally wide pore size distributions not allowing to hold
large amounts of water, whereas fine-textured soils are capable of retaining larger amounts of
water due to their small pore sizes. On other side, the effect of 𝜆𝑠 becomes less predominant when
FC location gets farther from the soil surface.
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Figure 4.4: Effect of 𝜆𝑠 on soil water content average at different depths to FC.
The pressure-based methodology is the one of most popular used to estimate FC. Colman
(1947) proposed an arbitrary 𝜓𝐹𝐶 of 1/3 bar for any type of soil in order to estimate soil water
content at FC and agreed upon by many scientists per the literature (e.g.,Dingman (1994) and
Nachabe(1998)). Figure 4.5, illustrate the capillary pressure at FC as a function of 𝜆𝑠 computed at
20 cm of FC depth value (𝑧𝐹𝐶 = 20 𝑐𝑚 is the optimal root depth for plant water uptake). The most
interesting finding was that the capillary pressure almost remains at a value of 300 cm which is
equivalent to 1/3 as proposed in the literature.
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Figure 4.5: Capillary pressure at FC as a function of 𝜆𝑠 .
4.3. Soil Database
A large database comprising a total of 34 different soil types is used in this study, which
includes a wide range of field data assembled by Assouline and Or (2014) from different sources
(Mualem (1974), Fuentes et al. (1992) and Assouline et al. (2007)) and include soil data from a
soil texture classification (Rawis and Brakensier (1988)), data that was also used by Nachabe
(1998). Microscopic capillary length 𝜆𝑠 was then computed for the field data using Equation (58)
(Nachabe, 1996) as follows:
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0.0128𝑚+0.66𝑚2 −0.73𝑚3

𝜆𝑠 = 𝛼(0.229+0.077𝑚−0.231𝑚2−0.12𝑚3)

(58)

where 𝜆𝑠 depends on Van Ganuchen parameters m and 𝛼 , and for the soil texture classification
data using Equation (59) (Nachabe and Illangasekare (1994)).
𝜆𝑠 =

(3𝜆+2)∗(−𝜓𝑑 )

3𝜆+1

(59)

where −𝜓𝑑 is the air entry pressure and 𝜆 is the pore size distribution.
4.4. Analytical Solution for FC Using the Soil Database
Figure 4.6 illustrates temporal depth evolution to FC computed analytically for different
soil types from Assouline and Or (2014). As exhibited in Figure 4.6, the two chosen sandy soil
samples (i.e., Sable de riviere and Poudre river sand), considered as coarse soils, are characterized
by larger dry fronts than those of the sandy loam soils (i.e., Gilat and Sharon) which dry fronts are
also found to be larger than those of the silty clay loam soils (i.e., Weld and Atwood), considered
as fine soils. These results were predictable due to the fact that, when hydraulic conductivity is
high, more flow deeper into the soil column will occur meaning that the depth to FC will reach
lower in the soil column for coarse soils than for fine soils. Likewise, temporal depth evolution at
FC curves were analytically computed for all 34 different soil parameters in Assouline and Or
(2014) and Nachabe (1998)) and the conclusion was in agreement with what we observed in Figure
4.6, hence, the coarser the soil, the larger the dry front.
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Figure 4.6: Temporal depth evolution at FC for different soil types.
Figure 4.7 illustrates the depth at FC in function of volumetric water content from a soil
texture classification data (Nachabe (1998)). It is apparent in Figure 4.7 that the soil water content
at FC for finer texture soils is greater than that of the coarse texture soils. For example, at depth
∗
𝑧𝐹𝐶
= 2 𝑐𝑚 the water content for clay is computed as 0.40 cm3/cm3 while for sand it is 0.09

cm3/cm3.
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Figure 4.7: Water retention curve at FC for different soil types.
4.5. Dimensionless FC Curves
As mentioned earlier, to this day, FC was never defined in the context of its multiple soil
properties. In this study, we computed the solutions analytically to solve for FC in the case of
deeply wetted homogeneous profile and zero flux at the surface in a dimensionless form to be able
to use fewer variables which combine the soil parameters related to FC. Hence, we computed FC
∗
∗
curves using three different dimensionless variables 𝑡𝐹𝐶
, 𝑧𝐹𝐶
and Θ∗𝐹𝐶 (i.e., dimensionless time to
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∗
FC, 𝑡𝐹𝐶
=

𝑘𝑠 t𝐹𝐶
Δ𝜃𝜆𝑠

∗
, dimensionless depths scaled with macroscopic capillary length at FC, 𝑧𝐹𝐶
=

and dimensionless water content θ∗𝐹𝐶 =

𝜃𝐹𝐶 −𝜃𝑟
Δ𝜃

𝑍𝐹𝐶
𝜆𝑠

) using all data corresponding to 34 different soils

included within the soil database of this study.

∗
∗
Figure 4.8: Evolution of 𝑧𝐹𝐶
with respect to 𝑡𝐹𝐶
using all soils included in the soil database when
C=1.5.

Figure 4.8 shows the evolution of dimensionless depths scaled with macroscopic capillary
∗
∗
length at FC 𝑧𝐹𝐶
with respect to dimensionless time of FC 𝑡𝐹𝐶
. Note that the line in this figure
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correspond to a curve fit to all the analytically computed results for all different soils of the soil
∗
∗
database where these results have shown a perfect correlation between 𝑧𝐹𝐶
and 𝑡𝐹𝐶
. Consequently,

figure 4.8 suggests that no matter what the soil type is, knowing a few of its parameters this curve
can be used to predict the depth of FC at any time after soil water redistribution when the value of
C is 1.5. For easy use, the analytical solution shown in Figure 4.8 was fitted to empirical Equations
(60a, 60b).
Note that this empirical equation includes two functions where at smaller times, the depth
∗
∗
to FC follows a power function (Equation 60a) while from approximately 𝑧𝐹𝐶
= 1.5 (or at 𝑡𝐹𝐶
=

2 ) and higher the depth to FC with respect to time follows a linear function (Equation 60b).
∗
for 𝑡𝐹𝐶
≤2

∗
∗ 0.435
𝑧𝐹𝐶
= 0.0513 ∗ 𝑡𝐹𝐶

(60a)

∗
for 𝑡𝐹𝐶
>2

∗
∗
𝑧𝐹𝐶
= 0.3 ∗ 𝑡𝐹𝐶
+ 0.9076

(60b)

Figure 4.9 illustrates the evolution of dimensionless water content at FC θ∗𝐹𝐶 with respect
∗
to the dimensionless time of FC 𝑡𝐹𝐶
using the soil database. Similar to the result observed in
∗
Figure 5.8, the analytically computed θ∗𝐹𝐶 for all soil types with respect to 𝑡𝐹𝐶
follows a universal
∗
trend. Note also that as 𝑡𝐹𝐶
goes to infinity θ∗𝐹𝐶 approaches zero which can be proven

mathematically by calculating the limit of Equation (47) to infinity. This observation also means
that water content of any soil type would reach 𝜃𝑟 after a very long time.
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∗
Figure 4.9: Evolution of θ∗𝐹𝐶 with respect to 𝑡𝐹𝐶
using all soils included in the soil database
when C=1.5.
∗
Figure 4.10 exhibits the dimensionless water retention curve at FC or 𝑧𝐹𝐶
with respect to

θ∗𝐹𝐶 using the soil database. Similar to the results revealed in pervious Figure 4.8 and 4.9, the
∗
relationship between the analytically computed 𝑍𝐹𝐶
and θ∗𝐹𝐶 for all soil types also follows a

universal trend.
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Figure 4.10: Dimensionless water retention curve at FC using all soils included in the soil database
when C=1.5.
4.6. Sensitivity to Shape Factor C
Note that the shape factor C was the only soil parameter not included within the
∗
dimensionless variables used to develop the prior FC curves (i.e., the evolution of 𝑧𝐹𝐶
with respect
∗
∗
to 𝑡𝐹𝐶
, the evolution of θ∗𝐹𝐶 with respect to 𝑡𝐹𝐶
and the dimensionless water retention curve at

FC) in the case of deeply wetted homogeneous profile and zero flux at the surface, where C was
fixed at 1.5 (Figures 4.8, 4.9 and4.10). According to White and Broadbridge (1988), a unique
methodology to estimate the shape factor C does not exist. In addition, White and Broadbridge
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proposed three different methodologies that can be used in the field to estimate C and concluded
also that C varies between a minimum value of 1.02 which corresponds to soils with narrow pore
size distribution such as clay to a maximum value of 2 which corresponds to soils with wide pore
distribution such as sand. In this chapter we followed the same steps used in the previous chapter
but with varying C values within the proposed range of values of C of White and Broadbridge
∗
(1988) (C= 1.02, 1.04, 1.06, 1.10, 1.15, 1.20, 1.25, 1.35, 1.50, 1.70 and 2.00), to plot 𝑧𝐹𝐶
with
∗
∗
respect of 𝑡𝐹𝐶
, θ∗𝐹𝐶 with respect of 𝑡𝐹𝐶
and investigate the sensitivity of the FC parameters to the

shape factor C.

∗
∗
Figure 4.11: Evolution of 𝑧𝐹𝐶
with respect to 𝑡𝐹𝐶
using all soils included in the soil database, for
different C values.
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∗
∗
∗
The resulting plots revealed that 𝑧𝐹𝐶
with respect of 𝑡𝐹𝐶
and θ∗𝐹𝐶 with respect of 𝑡𝐹𝐶
are

sensitive to C while all the points plotted clustered along unique curves particular to each value of
C. These important observations helped to plot universal FC curves. In general, the coarser the
soil texture the deeper the FC reaches within the soil column and the smaller the amount of water
content at FC. This argument is illustrated in Figure 4.11, where large C values (particular to coarse
soils) correspond to high depths to FC while small C values (particular to fine soils) correspond to
low depths to FC. Similarly, in Figure 4.12 fine soil textures (i.e., low C value) are associated with
higher water content amounts than that of coarse soil textures (i.e., larger C values).

∗
Figure 4.12: Evolution of θ∗𝐹𝐶 with respect to 𝑡𝐹𝐶
using all soils included in the soil database, for
different C values.
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4.7. Chapter Summary
In this chapter we have achieved setting up a practical approach to determining FC via soil
properties for the case of drainage from a deeply wetted profile and zero flux flow at the surface.
First, an analytical solution to the attainment of FC in space and time was determined, next, a wide
range of soil data was used to analytically establish universal FC curves that relate water content,
depth and time at FC in their dimensionless forms which resulted in the formation of single curves
∗
∗
to use to quantify FC for any type of soil. Furthermore a perfect correlation between 𝑧𝐹𝐶
and 𝑡𝐹𝐶

was determined and as a result, a simple empirical formula was derived which allows to easily
estimate depth to FC for any type of soil at any time. Finally, an approach to easily calculate the
̅ is established without the use of complicated computations.
average soil water content at FC 𝜃𝐹𝐶
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CHAPTER 5: ANALYTICAL SOLUTION FOR THE CASE OF
DEEPLY WETTED PROFILE WITH EVAPORATION

5.1. Introduction
Evaporation (EV) is one of the main stages in the hydrological cycle and a key physical
process extensively studied in agricultural engineering, irrigation management, soil physics and
climatology. Soil evaporation is the process responsible for converting soil water content at
ground surface from liquid state to vapor state.
Soil evaporation process depends on several climatological parameters (Allen et al. (1998))
such as:


Solar radiation



Wind speed



Humidity



Air temperature

and, on soil characteristics and in-situ conditions (Allen et al. (1998)) such as:


Soil type



Frequent irrigations



Frequent rains



Soil cover



Depth of ground water
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During the process of soil water redistribution for the case of deeply wetted profile and
where the soil cover is minimal (i.e., the majority of the soil surface is directly exposed to the
atmosphere), evaporation becomes the important factor which accelerates drying front from the
soil depth, especially very close to the surface. This is due to the factor that the roots of the crops
uptake the water from horizon A. Therefore, studying the effect of evaporation on soil water
content at FC is important knowing that in the majority of cases evaporation will always occur at
time of soil water redistribution.
5.2. Analytical Solution
Recall that in Chapter 4 an analytical solution for drainage with deeply wetted
homogeneous soil profile and zero flux flow at the surface was derived, where 𝑅 ∗ = 0. In this
chapter there is a need for an additional tweak to the earlier solution, provided that we consider
evaporation, which is equivalent to the addition of a negative flux flow (upward flow direction) at
the surface (evaporation) (i.e., 𝑅 ∗ < 0). The initial and boundary conditions are the same as the
ones used in Chapter 3 and Chapter 4.
The analytical solution of 𝑢(𝜁, 𝜏) for the case of drainage with deeply wetted profile and
negative flux flow at the surface given by Warrick et al. (1990) is as follows:
𝑢 = 𝑢1 + 𝑢2
𝑅

(61)

𝑅∗ = 𝐾

(62)

𝜌 = 𝑅∗ [4𝐶(𝐶 − 1)]−1

(63)

𝑠

𝜆 = 𝜌(𝜌 + 1)

(64)

the value of 𝑅∗ is negative, as a result, 𝑈1 will be complex argument as follows:
𝑢1 = 0.5𝑒

−𝜉 2⁄
(
𝜏)

[𝑤(𝑖𝑍) + 𝑤(𝑖𝑍̅)]
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(65)

𝑢2 = 0.5𝑒𝑥𝑝(−𝜁 2 /𝜏){𝑓(−0.5𝐴𝜊 𝜏 0.5 − 𝜁𝜏 −0.5 ) − 𝑓(−0.5𝐴𝜊 𝜏 0.5 + 𝜁𝜏 −0.5 )}
𝑍 = 𝜉𝜏 −0.5 + 𝑖𝜇𝜏 0.5

(66)
(67)

𝑛

−𝑟
𝑤(𝑖𝑍) + 𝑤(𝑖𝑍̅) = 2 ∑∞
𝑛=0 Γ(0.5𝑛+1) cos(𝑛 arg 𝑍)
𝜉2

(68)

𝑟 = √( 𝜏 − 𝜆𝜏)

(69)

Γ(𝑛) = (𝑛 − 1)!

(70)

𝜆 = −𝜇 2

(71)

𝜇 = √−𝜆

(72)

By substituting equation (61) into equations (32) and (33) a unified solution for drainage
from deeply wetted profile with evaporation at the surface can be determined.
5.3. Redistribution Example Using Analytical Solution of FC for Different Value of R
Similar to Chapter 4, the analytical solution for drainage with deeply wetted homogeneous
soil profile in the presence of evaporation is applied to a soil with parameters as follows: 𝑘𝑠 =
10−6 𝑚𝑠 −1 , 𝜃𝑠 = 0.4 , 𝜃𝑟 = 0.1 and 𝜆𝑠 = 1𝑚 . In the literature, evaporation flux values vary
considerably. Allen et al. (1998) suggested ranges for evaporation fluxes based on different agroclimatic regions (i.e., regions where mean daily temperature is about 10° 𝐶 (cool temperatures),
regions where mean daily temperature is around 20° 𝐶 (moderate temperatures) and regions where
mean daily temperature is beyond 30° 𝐶 (warm temperatures)) and this range of values is between
a minimum value of 1 mm/day which corresponds to the coolest regions and a maximum value of
9 mm/day which corresponds to the warmest regions. Figure 1 illustrates the soil water
redistribution curves for different values of evaporation flux chosen from the EV range of values
𝑚𝑚

𝑚𝑚

𝑚𝑚

in the literature (2 𝑑𝑎𝑦 , 5 𝑑𝑎𝑦 𝑎𝑛𝑑 8 𝑑𝑎𝑦) after exactly 2 days.
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As illustrated in Figure 5.1, as the evaporation flux increases at the soil surface, the soil
water content decreases. For example, the amount of soil water content at the surface (i.e., soil
𝑚𝑚

depth = 0) is 0.282 when evaporation flux equal to 2 𝑑𝑎𝑦 , while it is 0.269 when evaporation flux
𝑚𝑚

is equal to 8 𝑑𝑎𝑦 .

Figure 5.1: Example of drainage with deeply wetted homogeneous profile and EV solved
analytically using different values of EV (2, 5 and 8 mm/day).
Nachabe (1998) and Warrick et al. (1990) used an evaporation value of 5 mm/day which
represents an average value of evaporation flux. In the next analysis we chose to fix the value of
EV to 5 mm/day.
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5.4. Soil Water Redistribution With and Without EV
Analytical solutions for drainage with deeply wetted homogeneous soil profile with and
without EV were provided respectively early in this chapter and in chapter 4. A comparison is
therefore possible to understand the impact of EV in soil water redistribution. Using the same soil
parameters as in the previous example, soil water content was plotted by depth shown in Figure
5.2, where curves represented with solid lines correspond to cases with EV while curves
represented with dashed lines correspond to cases without EV. All these curves were plotted for
different redistribution durations (after 1, 4, 6 days).
As shown in Figure 2, the presence of EV accelerates the drying of the soil which is seen
in all different redistribution durations. This also indicates that the soil water will reach FC faster
for the case of soil water redistribution with EV. For example, in the case of redistribution duration
of 1 day, the amount of soil water content at the surface (i.e., soil depth = 0) is 0.305 for the case
with EV versus 0.313 for the case where EV is not present. Figure 5.2 also shows that the
difference between the latter values (i.e., with and without EV for 1 day redistribution duration))
will accentuate as the redistribution duration go up. Note also that as you go deep into the soil
water column the impact of EV on soil water redistribution decreases while its maximum impact
is felt very close to the surface.
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Figure 5.2: Comparison of soil water redistribution with (solid lines) and without EV (dashed
line).
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Figure 5.3.A: The depths and soil water contents at FC in case of EV (solid lines) and without
EV (dashed line).
Figure 5.3.A and B illustrate water retention curves and temporal depth evolutions
respectively to FC computed analytically using the previous soil parameters example (also used to
plot Figure 1 and 2). In Figure 5.3.A, the EV cases (represented by solid lines) are characterized
by larger dry fronts when compared to their corresponding cases without EV (dashed lines).
Similar conclusion can be drawn about the strong impact of EV on the propagation of drying front
from Figure 5.3.B.

58

For example, after 3 days of soil water redistribution, water content at FC was computed
as 5 cm for the case without EV versus 33 cm with EV. These results were predictable due to the
fact that, when EV is present at time of soil water redistribution, the pressure pulls soil water
content upward within the soil column meaning that the drying front will propagate down faster
which also means that the depth to FC will reach lower depths within the soil column.

Figure 5.3.B: The depths and times at FC in case of EV (solid lines) and without EV (dashed
line).
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5.5. Validation of Analytical Solution
HYDRUS-1D is a software used to analyze dimensional flows in the case of fully saturated
soil or unsaturated soil. This program is a robust numerical tool suited for studying:


Water Movement



Transport of Heat



Root Water Uptake



Transport of Heat



Transport of CO2
HYDRUS-1D encompasses several model options to use for soil water redistribution

modelling as follows:


Brooks-Corey Model



van Genuchten model



Modified van Genuchten Model



Kosugi Model
In this chapter the van Genuchten model is used to simulate soil water redistribution for

deeply wetted homogeneous soil profile with and without EV. HYDRUS-1D is a popular tool that
has been used by scientists and modelers for many years due to its great capability to solve about
any vadose zone problem possible. Since in this dissertation analytical solutions were provided for
the case of soil water redistribution for deeply wetted homogeneous soil profile with and without
EV (Chapter 4 and 5), a good opportunity presented itself to compare numerical and analytical
solutions for our soil water redistribution case with and without EV through an example problem.
Similar to the soil parameters example previously used in Chapter 4 and 5 are used to run
two similar HYDRUS-1D cases of soil water redistribution, but one where EV is applied
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(HYDRUS-1D with EV case) and one without applying EV (HYDRUS-1D without EV case) .
Boundary conditions for the model are picked as shown in Table5.1 and Table 5.2. Note that the
boundary conditions will be identical for both models except for when EV is applied or not applied.
This allows us to analyse the impact of EV on soil water redistribution.
Table 5.1: HYDRUS-1D boundary conditions for the case with EV.
Boundary Conditions

Time (hours)

Precipitation Rate (cm/hour)

EV (cm/hour)

1

0-8

1.8

0

2

8 - 40

0

0.05

Table 5.2: HYDRUS-1D boundary conditions for the case without EV.
Boundary Conditions

Time (hours)

Precipitation Rate (cm/hour)

EV (cm/hour)

1

0–8

1.8

0

2

8 - 48

0

0

The first boundary condition (i.e., from 0 to 8-hour) was designed to allow water to
infiltrate the soil by applying rainfall with a rate of 1 cm/hr. The model has shown that the soil
reached saturation after around 8 hours and that is the reason for picking time t = 8 hours as a final
time for the primary period of infiltration. During this infiltration process, the pressure and
gravitational gradients act in the same directions since wetting the soil takes place on the top
portion of the soil column and close to the surface while a dry portion of soil column is located
underneath the wet soil until the soil profile becomes saturated after 8 hours as illustrated in Figure
5.4. Note that no EV is applied at this stage for both simulations (i.e., cases with and without EV).
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Figure 5.4: Soil water infiltration process (snapshot from HYDRUS-1D).
The second boundary condition is then applied starting from time t = 8 hours. This
boundary condition effects on the both cases, with EV where an additional negative flux
representing EV is modelled at the surface and without EV at the soil surface. Note that in both
cases the soil water column is subject to redistribution only while rainfall is turned off. As it was
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said earlier in this dissertation, during soil water redistribution, pressure and gravitational gradients
act in the opposite directions due to the fact that the wet column of the soil is bounded by dry soil
from the top and the bottom as illustrated in Figure 5.5 and Figure 5.6 which exhibit results of soil
water redistribution after 8 hours from start of the model.
The soil water redistribution process is even further accentuated in the case with EV
(Figure 5.6) where the soil water content decreased more rapidly from surface as a direct result
from the presence of EV.
The results were plotted for times t= 16 hours and t = 48 hrs were run for further for one
more day and the redistribution results show that the propagation of the drying front gets much
more exaggerated when compared with the case without EV similar to the analytical results seen
in chapter 5.2.
These numerical results are in good agreement with the results from analytical solution
seen in the previous chapters, confirming that EV increases the movement of the drying front down
in the soil water profile. As a direct consequence, the soil water content at FC will reach deeper
depths when EV is stronger.
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Figure 5.5: Soil water redistribution without EV (snapshot from HYDRUS-1D).
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Figure 5.6: Soil water redistribution with EV (snapshot from HYDRUS-1D).
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5.6. Chapter Summary
Using a fixed EV value of 5mm/day, the resulting analytical and numerical water retention
curves indicated that EV has a strong impact on soil water redistribution while EV was seen to
increase the movement of the drying front down in the soil water profile. Consequently, FC would
reach deeper depths as EV is more pronounced acting on the soil surface.
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CHAPTER 6: CONCLUSIONS

In previous studies, to this day, FC was rarely defined in the context of soil properties and
the use of non-physical simplistic models was the only way used to normalize water content at FC
(e.g., using Van genuchen and Brooks and Corey models). In this dissertation the problem of soil
water redistribution with and without the presence of EV was extensively studied both analytically
and numerically. Recall that Darcy’s law suggests that water content reaches FC when the pressure
gradient is unity (

𝜕𝜓
𝜕𝑧

≈ 1 ). The pressure gradient expression analytically solved by Parkin et al.

(1995) was set to unity and important analytical relationships with FC were obtained with and
without the presence of EV.
When EV is considered negligible, the resulting analytical solutions omitting the impact of
EV were applied to soils with different characteristics resulting in the establishment of universal
∗
∗
curves. It was determined that 𝑧𝐹𝐶
and 𝑡𝐹𝐶
had a perfect correlation between them. As a result, a

simple empirical formula was established allowing easily an estimated depth to FC for any type of
soil at any time. Also, using these analytical solutions, a methodology was set up to calculate the
̅ with minimum computations.
average soil water content at FC 𝜃𝐹𝐶
Furthermore, the normalized water content at FC was solved also analytically in the
presence of EV and validated numerically using a problem with a real soil data that was subject to
modeling using HYDRUS-1D. Using a fixed EV value of 5mm/day, the resulting analytical and
numerical water retention curves indicated that EV has a strong impact on soil water redistribution
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while EV was seen to increase the movement of the drying front down in the soil water profile.
Consequently, FC would reach deeper depths as EV is more pronounced acting on the soil surface.
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APPENDIX A: LIST OF SYMBOLS
ѱFC

Matric potential or capillary pressure at FC

𝜃𝐹𝐶

Soil water content at FC

tFC

Specific drainage time to reach FC

qFC

Drainage flux at FC

𝜃∗

Relative water content or the scaled water content

Θ

Relative water content or the scaled water content

𝜃𝑠

Saturated water content

𝜃𝑟

Residual water content

𝜓𝑏

Air entry pressure or bubbling presser

𝜓

Suction pressure or capillary head

𝜆
𝐾𝑟
𝐾𝑠

Pore- size index
Residual soil hydraulic conductivity
Saturated soil hydraulic conductivity

𝑛

Soil parameter related to pore-sized index

Θ𝐹𝐶

Relative water content at FC

𝐷

Thickness of soil column

𝛿

Relative drainage rate

𝐾𝐹𝐶

Hydraulic conductivity at FC

𝛼

Inverse of bubbling pressure

𝑚

Shape parameter

ℎ

Pressure head
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z

Depth

t

Time

𝑞(𝑡, 𝑧)

Water flux density per unit time

𝐷𝜃

Soil water diffusivity

𝐾𝜃

Hydraulic conductivity as function of volumetric water content

𝐾∗

Dimensionless hydraulic conductivity

𝑡∗

Dimensionless time

𝑧∗

Dimensionless depth

λs
𝜐∗

Macroscopic capillary length (he mean height of the capillary fringe above
water table)
Dimensionless soil water flux

𝑅

Rainfall rate

𝑅∗

Dimensionless rainfall rate

𝐶

Dimensionless shape parameter

𝜁

Dimensionless space parameter

𝜏

Dimensionless time parameter

𝜌

Dimensionless rainfall rate parameter

𝑈

Independent variable

𝑊

Soil water storage

𝑊𝐹𝐶

Soil water storage at FC

̅
𝜃𝐹𝐶

Average soil water content at FC

∗
𝑡𝐹𝐶

Dimensionless time at FC

Θ∗𝐹𝐶

Dimensionless soil water content at FC

∗
𝑧𝐹𝐶

Dimensionless depth at FC

76

EV

Evaporation
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APPENDIX B: VALIDATION
As mentioned in Chapter 4.3, a large database comprising reliable field data obtained from
a total of 34 different locations around the globe was assembled to provide a wide range of soil
parameters of different soil textures to use during the course of this research. This database was
assembled from different peer-reviewed sources which encompass the work of Assouline and Or
(2014), Mualem (1974), Fuentes et al. (1992) and Assouline et al. (2007).
This large database was used to create methodologies that can be easily implemented to
estimate soil water content at FC and depth to FC for any soil texture along any soil water
redistribution duration by knowing the soil properties of the soil texture which some of it can be
determined from simple lab tests.
Figure A.1 to A.14 illustrate temporal depth evolution to FC as well as time to FC in
function of volumetric water content, all computed analytically for the case of deeply wetted
homogeneous profile and zero flux at the surface using different soil textures which are included
in the database. The soil classifications used to present the results from using the analytical
equations developed in this dissertation were chosen as follows:


Sand



Sandy loam



Loam



Silt



Silt Loam
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Silty clay loam



Clay

Figure A.1: Temporal depth evolution at FC for the sand soil texture from different field
locations.
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Figure A.2: Evolution of θFC with respect to tFC at FC for the sand soil texture from different
field locations.
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Figure A.3: Temporal depth evolution at FC for the sandy loam soil texture from different field
locations.
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Figure A.4: Evolution of θFC with respect to tFC at FC for the sandy loam soil texture from
different field locations.
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Figure A.5: Temporal depth evolution at FC for the loam soil texture from different field
locations.
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Figure A.6: Evolution of θFC with respect to tFC at FC for the loam soil texture from different
field locations.
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Figure A.7: Temporal depth evolution at FC for the silt soil texture from different field
locations.
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Figure A.8: Evolution of θFC with respect to tFC at FC for the silt soil texture from different field
locations.
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Figure A.9: Temporal depth evolution at FC for the silt loam soil texture from different field
locations.
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Figure A.10: Evolution of θFC with respect to tFC at FC for the silt loam soil texture from different
field locations.
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Figure A.11: Temporal depth evolution at FC for the silty clay loam soil texture from different
field locations.
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Figure A.12: Evolution of θFC with respect to tFC at FC for the silty clay loam soils texture from
different field locations.
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Figure A.13: Temporal depth evolution at FC for the clay soils texture from different field
locations.
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Figure A.14: Evolution of θFC with respect to tFC at FC for the clay soils texture from different
field locations.
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APPENDIX C: PERMISSIONS

This permission is used for Table 3.1 in Chapter 3.

93

This permission is used for Table 3.2 in Chapter 3.
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This permission is used for Table 3.3 in Chapter 3.
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This permission is used in Chapter 4.
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